Abstract. Although predators can affect foraging behaviors of floral visitors, rarely is it known if these top-down effects of predators may cascade to plant fitness through traitmediated interactions. In this study we manipulated artificial crab spiders on flowers of Rubus rosifolius to test the effects of predation risk on flower-visiting insects and strength of traitmediated indirect effects to plant fitness. In addition, we tested which predator traits (e.g., forelimbs, abdomen) are recognized and avoided by pollinators. Total visitation rate was higher for control flowers than for flowers with an artificial crab spider. In addition, flowers with a sphere (simulating a spider abdomen) were more frequently visited than those with forelimbs or the entire spider model. Furthermore, the presence of artificial spiders decreased individual seed set by 42% and fruit biomass by 50%. Our findings indicate that pollinators, mostly bees, recognize and avoid flowers with predation risk; forelimbs seem to be the predator trait recognized and avoided by hymenopterans. Additionally, predator avoidance by pollinators resulted in pollen limitation, thereby affecting some components of plant fitness (fruit biomass and seed number). Because most pollinator species that recognized predation risk visited many other plant species, trait-mediated indirect effects of spiders cascading down to plant fitness may be a common phenomenon in the Atlantic rainforest ecosystem.
INTRODUCTION
The role of indirect interactions in food web dynamics has received special attention in recent years (Stoks et al. 2003 , Knight et al. 2005 . Whereas in a classical view a given species transmits indirect effects throughout a food web through consumptive predation effects on prey populations (density-mediated indirect interaction; DMII hereafter), a recent view emphasizes the nonconsumptive influence of predators on prey behaviors (traitmediated indirect interaction; TMII hereafter) (Schmitz 1997) . When on plants, predators can exhibit TMII, with top-down effects cascading to plant fitness (e.g., Schmitz 1997, Werner and Peacor 2003) , but the net outcome of these predatory effects depends on which plant parts predators forage. For example, predators can indirectly improve plant reproductive output by affecting herbivore behaviors (e.g., Romero and Vasconcellos-Neto 2004) , but when on flowers they generally decrease plant fitness by disrupting plant-pollinator mutualisms (Suttle 2003 , Dukas 2005 . Although TMII of predator to plant biomass are relatively well documented as they influence herbivore behaviors (e.g., Freitas and Oliveira 1996) , little is known about the importance of antipredatory behavior on the interactions between flowers and floral visitors, and their impact on plant fitness (Suttle 2003 , Dukas 2005 .
The adaptive avoidance behavior (sensu Stoks et al. 2003) of pollinators may be related to the recognition of predator morphological traits (Freitas and Oliveira 1996) , as well as to their aggressiveness (Ness 2006) or chemical odors (Dicke and Grostal 2001) that provide reliable information on predation risk. Crab spiders (Thomisidae) are conspicuous on flowers and typically ambush pollinating insects with their raptorial forelimbs (Morse 2007) . Although some studies have shown that the presence of these predators on plants affects the foraging behavior of flower-visiting insects (Dukas 2001 , Dukas and Morse 2003 , Suttle 2003 , Robertson and Maguire 2005 , but see Wilkinson et al. 1991 , Morse 2007 , to date little is known about whether top-down effects of these predators may cascade to plant fitness (Suttle 2003 , Romero and Vasconcellos-Neto 2004 , Morse 2007 , or even if these effects are derived from TMII or DMII. Moreover, little is known about which predator traits (e.g., morphology, movements, odors, foraging modes) are recognized and avoided by pollinators, as well as which information content (vision, scent) is used as cues by pollinators to evaluate foraging sites for potential predation risks. Artificial spiders (Bristowe 1958) and ants (Freitas and Oliveira 1996) We conducted randomized block experiments in which we manipulated artificial crab spiders on flowers of Rubus rosifolius Smith (Rosaceae) to test effects of predation risk on flower-visiting insects and strength of trait-mediated indirect effects to plant fitness components (fruit biomass and individual seed set). Moreover, we tested which predator morphological traits (e.g., forelimbs, abdomen) were recognized and avoided by pollinators. Specifically, we addressed the following questions: (1) Do flower-visiting insects recognize objects that resemble crab spiders and avoid flowers with potential predation risk? (2) Which predator morphological traits are recognized and avoided by floral visitors? (3) Does the presence of crab spiders decrease fruit biomass and individual seed set?
METHODS

Study site and system
We conducted this study at the Ecological Reserve of the Serra do Japi (23811 0 S, 46852 0 W), near Jundiaı´, southeastern Brazil. The climate is seasonal, with a mean monthly temperature varying from 13.58C in July to 20.48C in January. For more details of the study area, see Romero and Vasconcellos-Neto (2004) . Rubus rosifolius (Rosaceae) is a common, thorny shrubby plant (1.5-2.0 m height) widely distributed in a variety of tropical habitats. Each branch can have 1-4 insectpollinated flowers, which are produced over the year; the flowers are hermaphrodites, white, radial, with diameter of ;1.8-2.0 cm. Their fruits are important food sources for a variety of avian and mammalian frugivores (T. Gonc¸alves-Souza et al., personal observations). During the study period, 32.3% (n ¼ 254 plants) of the plants of R. rosifolius had at least one flower. Of these plants, 8.1% were occupied by crab spiders (mainly Misumenops argenteus Mello-Leita˜o, 1929); crab spiders occupied 83.3% 6 29% (mean 6 SD) of the flowers of individual plants.
The flower-visiting insects
To determine the main flower-visiting insects of R. rosifolius, we used a focal animal sampling method (Martin and Bateson 1986) ; flower visiting insects and pollinator behaviors were observed and recorded in 80 sections of 40 min each, with intervals of 20 min, between 8:00 and 12:00 hours, and between 13:30 and 18:00 hours, totaling 3200 min of direct observations. Specimens were collected for later identification to the genus or species level. Most of the floral visitors were weighed (fresh mass).
Experiment I: the role of pollinators on seed set
We tested the contribution of pollinators to the reproductive success (i.e., individual seed set) of R.
rosifolius by enclosing buds to prevent insect visitation during flowering. For this, we randomly selected 36 buds, which were numbered and grouped in pairs (blocks); each pair was of the same plant, or of neighboring plants (of the same thicket) but close to each other. While one of the buds from each pair was randomly designated to be wrapped with a fine mesh (36 cm 2 ) to exclude pollinators, the other was open and had access to pollinators. The experimental buds were monitored daily until the flowers became senescent (loss of stigmas and petals). Upon senescence, all flowers of the pollinator-presence treatment were also wrapped with fine mesh to avoid fruit consumption by frugivores (e.g., Penelope sp.). The ripe fruits (reddish) were collected, stored separately in acrylic cups, and then they were weighed (fresh mass; precision of 10 À4 grams). The number of their seeds was counted under a stereoscopic microscope.
Experiment II: effects of artificial spiders on flower-visiting insects
To test the influence of predation risk on flower visitation and avoidance behavior of flower-visiting insects, we conducted a randomized block experiment in 8-10 March 2007 that manipulated artificial spiders on flowers of R. rosifolius. Spider models were constructed to resemble common crab spiders in the study area (i.e., similar body and forelimb size of M. argenteus) that typically forage on flowers of R. rosifolius and Trichogoniopsis adenantha (Asteraceae) (Romero and Vasconcellos-Neto 2004) . The artificial spiders were handmade using epoxy resin (prosoma and opistosoma), with two open metal staples fixed at the base of prosoma to simulate their two forelimbs (Fig. 1) ; the models were entirely painted with an acrylic, straw color dye (Acrilex, Sa˜o Bernardo do Campo, Sa˜o Paulo, Brazil) to simulate the brownish body color of M. argenteus. The spider models were constructed and painted in 2000, so any dye or epoxy scent was absent. Each experimental block (n ¼ 10 blocks) consisted of three flowers, each one randomly designated to receive a treatment: a spider model, a sphere (the opistosoma removed from the spider model; also painted), and no object (control). The models were fitted only on the petals to simulate the foraging mode of a Thomisidae, so access to flowers by floral visitors was not affected. To minimize the effect of resource availability we selected only newly opened flowers for the experiment. All flowers of each block were at least 30 cm apart, to minimize any effect of the artificial spiders on visitation rate in other control flowers (sphere and no object). The experimental flowers were observed at a distance of at least 2 m to avoid any influence of the observer on the behaviors of flower-visiting insects. The flowers of each experimental block were simultaneously observed in four sections of 40 min each, with intervals of 10 min between sections (time total/flower ¼ 160 min). The number of visitations, as well as flower avoidance by pollinators, was recorded for each section, but grouped together for the statistical analyses. We defined ''visitation'' when the insect landed on the flower and stayed there for at least 3 s, and ''avoidance,'' when the insect flew to the flower but instead of landing, they switched to another flower or left the place.
Experiment III: effects of spider morphological traits on flower-visiting insects
Crab spiders ambush pollinating insects on flowers, such as honey bees, by using the forelimbs, which are very robust and curved forward (see Morse 2007) . Because the crab spider's forelimbs are conspicuous, they might represent a reliable signal of predator presence. Here we conducted a randomized block experiment in 6-8 March 2007 to test whether crab spiders' forelimbs are the predatory trait recognized and avoided by flower-visiting insects. Each experimental block (n ¼ 10) consisted of three flowers, each one randomly designated to receive a treatment: a spider model, a prosoma with two forelimbs (removed from spider models), and a sphere (the opistosoma removed from a spider model; see Fig. 1A -C).
Experiment IV: trait-mediated indirect effect of artificial spiders on plant fitness
Here we used the artificial crab spiders in a randomized block experiment run from 21 March to 24 May 2007 to investigate the consequences of traitmediated indirect interactions for the plant. Forty-six buds of R. rosifolius of similar age/size were randomly selected, numbered, and grouped in pairs (blocks), with each pair occurring in a single plant, meaning that each plant received both treatments. All buds were carefully wrapped with fine mesh until flower opening so that all flowers used had not been previsiously visited. The buds were monitored daily, and upon anthesis, the mesh was removed and the experiment started. Each experimental block (n ¼ 23) consisted of two flowers, each of them randomly assigned to receive a spider model or no object (control). The experimental flowers were monitored daily until senescence (approximately one week). Upon senescence, all flowers of both treatments were again wrapped with fine mesh to avoid fruit consumption by frugivores. The ripe fruits were collected and weighed as in experiment I, and then their seeds were counted under a stereoscopic microscope.
Statistical analysis
The general experimental design for all the experiments was a randomized block in which each experimental plant (block) received all the treatments. In our analyses of variance, blocks were treated as a random factor, and treatments as a fixed effect. In the experiments II and III, when the main effect differed statistically, we conducted planned comparisons (Quinn and Keough 2002) between ''spider models'' vs. ''sphere þ control flowers'' and between ''sphere'' vs. ''control flowers'' (experiment II), and between ''spider models þ prosoma þ forelimbs'' vs. sphere and spider models vs. ''prosoma þ forelimbs'' (experiment III) . Prior to the analyses, variances were tested using Levene's test and if necessary, data were log 10 or square-root transformed for their normalization or to equalize the variances. 
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RESULTS
Up to 40 species of flower-visiting insects were recorded on flowers of R. rosifolius (Appendix; Fig.  1D-F) . Of them, 21 were Lepidoptera (52.5%), 16 were Hymenoptera (40%), and three were Diptera (7.5%). However, the abundance of Hymenoptera was much higher than of Lepidoptera or Diptera. The activity peak of all flower-visiting insects and the most frequent floral visitors are shown in Fig. 2 and the Appendix. The mean insect biomass did not differ between Hymenoptera and Lepidoptera (Mann-Whitney: P ¼ 0.477; Appendix). Generally, the bees Trigona sp. and Hymenoptera sp. indet. 3 displayed zigzag behavior in front of artificial spiders or prosoma þ forelimbs, attacking the model sometimes before landing on the flower or leaving.
Experiment I
Rubus rosifolius depended on the pollinators to complete seed maturation, suggesting that this species has some degree of self-incompatibility. The flowers that had access to pollinators produced fruits 1.5 times heavier than those from which pollinators were excluded (F 1,17 ¼ 9.68, P ¼ 0.006). Similarly, the number of seeds was 1.4 times higher on fruits of flowers to which pollinators had access than those that were wrapped to impede access to pollinators (F 1,17 ¼ 7.26, P ¼ 0.018).
Experiment II
Artificial spiders affected the behavior of flowervisiting insects (Figs. 3 and 4) . In the second experiment the total number of visits differed among treatments (F 2,18 ¼ 8.18, P ¼ 0.003) and was lower on flowers of R. rosifolius with artificial crab spiders than with sphere or control (Fig. 3A) . A similar visitation pattern was also observed for hymenopterans (F 2,18 ¼ 6.79, P ¼ 0.006) and lepidopterans (F 2,18 ¼ 4.32, P ¼ 0.029), with a lower number of visitations in flowers with models than with sphere and control (Fig. 3A) . Whereas the number of avoidances of all floral visitors (F 2,18 ¼ 10.24, P ¼ 0.001) and of hymenopterans (F 2,18 ¼ 10.52, P , 0.001) was higher in flowers with spider models than with spheres and controls, the number of lepidopteran avoidances did not differ among treatments (F 2,18 ¼ 2.35, P ¼ 0.124, Fig.  3B ).
Experiment III
The total number of visits and those by hymenopterans on flowers with spiders and prosoma þ forelimbs was lower than on flowers with spheres ( Fig. 4A ; total number of visits, F 2,18 ¼ 4.27, P ¼ 0.030; Hymenoptera, F 2,18 ¼ 5.84, P ¼ 0.011); however, there was no difference in the visitation rate of lepidopterans among treatments ( Fig. 4A; F 2,18 ¼ 0.002, P ¼ 0.998). The total number of avoidances, as well as numbers of avoidances by hymenopterans and lepidopterans, varied among treatments (total, F 2,18 ¼ 5.75, P ¼ 0.012; Hymenoptera, F 2,18 ¼ 3.90; P ¼ 0.039; Lepidoptera, F 2,18 ¼ 6.76, P ¼ 0.006; Fig. 4B ), and was lower on flowers with spheres than with prosoma þ forelimbs and spiders (Fig. 4B) .
Experiment IV
The number of seeds from flowers of R. rosifolius with artificial spider (163.3 6 17.5 seeds, mean 6 SE) was 42% lower than those from flowers without artificial spiders (281.3 6 14.9 seeds; F 1,22 ¼ 25.04, P , 0.0001). Similarly, the fruit biomass from flowers with artificial spider (0.615 6 0.07 g) was 50% lower than from flowers without spider models (1.215 6 0.08 g; F 1,22 ¼ 28.63, P , 0.001).
FIG. 2.
Number of visits/40 min (mean 6 SE) of all flower-visiting insects (total), as well as of Hymenoptera and Lepidoptera. The 40-min sections are distributed into 1-h or 1.5-h periods on the x-axis. We made no observations between 12:00 and 13:30 hours.
DISCUSSION
We showed that flower-visiting insects recognize and avoid flowers with objects resembling crab spiders. Similarly, other studies that manipulated live or dead crab spiders on flowers have already reported that floral visitors (especially bees) can avoid sites with predation risk (reviewed in Morse 2007) , with a consequent decrease in the time of resource use and/or change in choice of foraging sites. Insects constantly exposed to predation risk can develop adaptive mechanisms that facilitate detection and recognition of predatory traits through visual (i.e., predator behaviors, colors, shapes; e.g., Freitas and Oliveira 1996, Sendoya 2007 ) and/or chemical cues (Dicke and Grostal 2001) . For example, we observed Trigona sp. bees displaying zigzag movements in front of the artificial spiders during the flight, which may represent a behavior used to evaluate risk in foraging sites (see similar observations in Dukas 2001). These antipredatory mechanisms allow insects to better explore the resource by allowing them to assess predation risk. Flowers are among the most risky foraging sites because they are frequently inhabited by specialized predators, such as mantids, phymatids, and spiders. Among them, crab spiders are the most conspicuous predators on plants and may represent strong selective agents influencing the evolution of pollinator antipredatory behaviors.
Because our spider models presented no scent or behavior, we suggest that flower-visiting insects, mostly bees, detected flowers with predatory risk through visual cues. Dukas (2001) suggested that avoidance behaviors of floral visitors may be related to colors or traits of spiders. However, we showed that hymenopterans evaluated predator presence exclusively through their morphological traits, and not color, as spheres, representing spider prosomas had the same color as the models.
Forelimbs are conspicuous elements of crab spiders. Because they are robust, long, and curved forward to ambush prey (see Morse 2007 and Suttle 2003: Fig. 1) , they may be a reliable signal of predator presence and be easily recognized as dangerous structures on flowers.
Results of the present study (see also Sendoya 2007) suggest that insects that use risky resources may evaluate, in fine details, the morphological traits of objects on flowers. Therefore, it is expected that if prey acquire adaptations to detect specific predatory traits, this feature (i.e., forelimbs) will be under natural selection, unless predators counter to minimize detection. In fact, many thomisid spiders are cryptic on flowers; they can change their color to match the substratum, and can select background colors according to their own body color, or even attract prey through UV reflections (Heiling et al. 2005) . However, the spiders we have mimicked (M. argenteus) seem to be non-cryptic; they forage in pink-lilac and white flowers and do not change in color to match their substratum (Romero and Vasconcellos-Neto 2004; G. Q. Romero, personal observations) . Yet, our experiments may have been conservative tests of the impacts of crab spiders on the pollination process, as our ''spiders'' did not move; there is evidence indicating that insects generally avoid returning to a patch where previously experiencing a crab spider attack (Dukas and Morse 2003) . According to Robertson and Maguire (2005) a spider's unsuccessful attack on an insect, which is common in Thomisidae, is the most obvious indication of the predator's presence (see also Dukas 2001) . Subsequent movement of the spider might drive away a pollinator that did not first interpret the presence of a spider alone as an indication of predation risk.
The response of pollinators to predation risk was taxon specific. Whereas bees avoided artificial spiders and forelimbs, antipredatory responses of butterflies were inconsistent among treatments and experiments, suggesting absence of an efficient mechanism to detect predation risk. A reasonable explanation is that most of the butterflies that visited flowers of R. rosifolius were of the subfamily Ithomiinae (Nymphalidae) (Appendix), which are unpalatable to several spiders (Trigo 2000) . Because butterfly unpalatability is an efficient antipredatory mechanism against spider attack (e.g., Trigo 2000), well-developed sensorial mechanism of predation recognition and avoidance, as seen in bees, may be absent or weak in this butterfly group. Therefore, unpalatable butterflies might explore competitor-free resources with low probability of being preyed on.
As an ultimate outcome of the pollinators' antipredatory behaviors, nonlethal traits of artificial spiders disrupted pollinator-plant mutualism and decreased components of plant fitness (i.e., seed set and fruit biomass of individual fruits). This indicates that in this system there was a strong top-down effect via TMIIs. Yet, these indirect effects may have been underestimated, because false spiders do not cause repulsion on pollinators, an insect behavior common after a spider unsuccessful attack (as discussed previously). This suggests that a behavioral rule of ''always avoiding'' objects resembling predators may be common, and may have been selected because thomisid spiders are frequent on flowers from the study area.
To date our study is one of the first to show the importance of antipredatory behavior on the mutualistic interactions between pollinators and plants, as well as on plant fitness. Studies have shown that predators disrupt pollinator-plant mutualisms (see Morse 2007 and references therein), but have not reported whether these outcomes are caused by TMII or DMII. Therefore, we suggest that TMIIs of spiders cascading down to plant fitness may be a common phenomenon on flowers that need pollinators to complete seed maturation, such as R. rosifolius.
In conclusion, our study provides evidence that objects resembling crab spiders caused a strong topdown effect on pollinator behaviors, which cascaded down to some components of plant reproductive output. Because nonlethal effects of artificial spiders decreased individual seed set, further studies addressing the influence of predation risk on plant recruitment and density could be useful to understand fully the role and strength of TMIIs in plant-pollinator systems. Thus it is important that further studies in pollination biology evaluate the nonlethal effects of predators on plant reproductive patterns (see Suttle 2003) , and how predation or predation risk on pollinators has indirect evolutionary effects on floral traits. Finally, our artificial crab spiders were suitable objects to test TMII in plantpollinator systems because they were easily manipulated on flowers, and could be used in other systems to test specific hypotheses concerning indirect interactions.
